Objectives: Occupational exposures to endotoxin-contaminated, water-based metalworking fluids (MWFs) are thought to contribute to cases of respiratory illness. Before occupational exposure limits for endotoxin can be proposed, accuracy and reproducibility of laboratory measurements must be established. The method most commonly used to quantify endotoxin is the Limulus amebocyte lysate (LAL) assay and this is the basis for the American Society for Testing and Materials (ASTM) method E2144-01. This study was conducted to generate multiple samples with similar mass and endotoxin loading in order to compare four alternative extraction methods with the ASTM method.
INTRODUCTION
The National Institute of Occupational Safety and Health (NIOSH) has recognized the association of exposure to metalworking fluids (MWFs) with occupational lung disease by recommending an exposure limit (REL) of 0.4 mg/m 3 (NIOSH, 1998a,b) . There are four categories of MWFs (neat oil, soluble oil, semi-synthetic or synthetic), each with unique characteristics that determine its use within a wide variety of manufacturing industries (Sprince et al., 1994) . Among the contaminants found in water-soluble MWFs, products of microbial growth are thought to be related to a number of occupational lung diseases 32 P. S. Thorne et al. (Bernstein et al., 1995; Woskie et al., 1996; Robins et al., 1997; Sprince et al., 1997; Fox et al., 1999; Laitinen et al., 1999; Abrams et al., 2000; Thorne, 2000; Hodgson et al., 2001) . Endotoxin, a component of the cell membrane of Gram-negative bacteria, has been shown to produce an inflammatory response in human and animal subjects (Castellan et al., 1987; Gordon, 1992; Thorne and DeKoster, 1996; Rylander, 1997; Thorne, 2000) .
Exposure limits have not yet been adopted for the endotoxin component of MWF exposure, in part due to the inter-and intra-laboratory variability of endotoxin measurements. However, in answer to the pressing need for a standardized protocol for the collection and analysis of endotoxin from the workplace air, the American Society for Testing and Materials (ASTM) recently accepted the recommendation of subcommittee E-34.50 on Health and Safety Standards for Metal Working Fluids. Standard E2144-01 was adopted in 2001 and is a standard method for the collection and analysis of airborne endotoxin in MWF aerosol using the Limulus amebocyte lysate (LAL) assay (ASTM, 2001) . This is the first report comparing the ASTM protocol to methods used in previous studies examining endotoxin in MWFs (Gordon, 1992; Gordon et al., 1992; Woskie et al., 1996; Sprince et al., 1997; Brown et al., 2000) .
The extraction protocols used in this study were chosen to systematically examine the efficacy of the solutes, the extraction temperature and the vigor of agitation (Olenchock et al., 1989; Douwes et al., 1995; Thorne et al., 1997) on endotoxin recovery from a set of matched MWF aerosol samples.
MATERIALS AND METHODS

Aerosol
Test aerosols of soluble oil MWF (Cimperial HD-90, Milacron, Cincinnati, OH) were generated using a Collison six-jet nebulizer (CH Technologies, Inc., Westwood, NJ) in an exposure chamber with a volume of 1 m 3 (Thorne, 2000) . The chamber was supplied with HEPA-filtered outdoor air that was maintained at 22 ± 2°C and controlled to ±5% relative humidity. Three test atmospheres were generated to create a wide range of endotoxin concentrations; low (4.5 EU/m 3 ), medium (350 EU/m 3 ) and high (1141 EU/m 3 ) (specified as overall geometric means). A bulk sample of in-use MWF collected from an automotive engine plant was used to create the medium and high endotoxin exposure groups by generating MWF aerosols at two gravimetric concentrations (31.8 and 60.8 mg/m 3 ). To create the low endotoxin atmosphere, unused MWF of the same type was diluted to the in-use concentration (5%) and aerosolized at 19.95 mg/m 3 .
A manifold with 12 sampling ports was placed inside the exposure chamber and attached to a vacuum line. The flow through each sampling port was calibrated to a flow rate of 1.97 ± 0.01 l/min. Filter holders were placed in the sample ports and fitted with 37 mm glassfiber filters (EPM-2000; Whatman Int., Ann Arbor, MI). Each test atmosphere was generated for ∼60 min for three consecutive sample runs. Two filters from each sample run were randomly assigned to an extraction protocol, which resulted in a total of six filters per protocol per exposure group. Fifteen unexposed filters were used as experimental blanks. Filters were conditioned in a temperatureand relative humidity-controlled weighing room prior to taking the pre-weight and again after sampling for the post-weight gravimetric measurements (MT5 Microbalance; Mettler-Toledo, Inc., Columbus, OH). The limit of detection of the gravimetric measurements was 0.006 mg.
Endotoxin assays
All glassware was depyrogenated at 200°C overnight prior to use, and all plasticware was pyrogenfree. The five extraction protocols are listed in Table 1 . The extraction solute used was either pyrogen-free water (PFW; BioWhittaker, Inc., Walkersville, MD) (protocols 1, 3 and 5) or PFW plus 0.05% Tween-20 (Sigma, St Louis, MO) (protocols 2 and 4). Filters for protocol 5 were sonicated at 210 W for 60 min using a bath-type ultrasonic cleaner (Mettler-Toledo). Pyrogen-free hydrochloric acid 1.0 N or sodium hydroxide 1.0 N (Sigma, St Louis, MO) was used to adjust the pH of the extract (protocol 5) to 7.5. Filters were weighed and placed into sterile 50 ml centrifuge tubes (Corning, Inc., Acton, MA). The extracts processed using protocol 5 were adjusted from about pH 9.0 to pH 7.5 prior to endotoxin analysis. After the agitation step (shaking or sonication) the tubes were centrifuged for 10 min at 1000 g. Samples were assayed for endotoxin on the same day they were extracted.
Endotoxin concentration was determined by a kinetic, chromogenic Limulus amebocyte lysate (LAL) assay (Kinetic-QCL; BioWhittaker, Inc.) as previously described (Thorne, 2000) . All reagents used for the endotoxin analysis were from the same lot number. For each assay, standard curves were generated over the concentration range 0.049-100 EU/ml using a reference endotoxin (Escherichia coli O55:B5; BioWhittaker, Inc.). Aerosol samples that were extracted in PFW-0.05% Tween-20 were assayed using an endotoxin standard diluted in PFW-0.05% Tween-20. Likewise, aerosol samples extracted in PFW were assayed using an endotoxin standard diluted in PFW. Aliquots (100 µl) of endotoxin standards, dilutions of MWF aerosol extracts or PFW blanks were pipetted in duplicate into the wells of pyrogen-free microtiter plates (Costar no. 3596; Corning, Inc.). The samples were preincubated for 15 min at 37°C after which time 100 µl of LAL reagent was added to each well with an eight-channel micropipettor. The assay plate was placed in a SpectraMax microplate reader (Molecular Devices, Sunnyville, CA), agitated to mix the lysate and sample, and the assay was allowed to proceed at 37°C for 1.5 h. Spectrophotometric measurements at 405 nm were taken every 30 s. Data were analyzed using SoftMaxPro software (Molecular Devices). Maximum reaction rate values for the standards were fitted to a four-parameter curve, and sample concentrations computed. The minimum acceptable r 2 value of the standard curves was 0.998.
Data analysis
Data were analyzed using SPSS version 10.0 (SPSS, Inc., Chicago, IL) and were examined for normal distribution by computing Lillefor's probabilities for Kolmogorov-Smirnov one-sample tests against a normal distribution. Because MWF concentrations were so tightly controlled within the three exposure groups, the gravimetric data were normally distributed. Endotoxin data approximated log normality and were transformed to the natural logarithm for parametric analysis.
RESULTS
In order to generate sufficient numbers of filter samples to test extraction procedures, each test atmosphere was generated on three occasions for each exposure group (10 filters used from each of 3 runs = 30 filters per exposure group). The means, confidence intervals and coefficients of variation (CV) of the gravimetric measurements for the three MWF aerosol exposure groups are presented in Table  2 . The highest CV (12.7%) was observed for the filters in the lowest exposure group. As expected, the mean values of the three exposure groups were significantly different (P < 0.001) and the uniformity increased with increasing exposure concentrations.
During the course of the experiments, 15 blank filters were collected and three were randomly assigned to each extraction protocol and analyzed similarly to the MWF aerosol filters. The net weight change of all experimental blank filters was below the limit of detection for the gravimetric measurement (<0.006 mg). As shown in Table 3 , the ASTM method was the only extraction protocol for which all three blanks were detectable and the mean concentration of endotoxin in the filter eluate was 10-to 50-fold higher than for extraction protocols 1-4. This difference may arise from the process of measuring and adjusting the pH of the solution prior to analysis, a procedure that is unique to the ASTM protocol.
Results of the endotoxin analysis of the MWF aerosol for the five extraction protocols are presented in Table 4 along with the gravimetric aerosol concentrations. For the low, medium and high exposure groups, the arithmetic mean particulate concentrations are provided for the sets of six filters submitted for analysis using the five extraction protocols. The geometric mean endotoxin concentrations determined by these protocols and their geometric standard deviations are also shown. As intended, endotoxin concentrations in the low exposure group were detectable but extremely low, and concentrations in the high group were at the upper end of what is normally observed in machining plants. There were no significant differences in endotoxin recovery between the five extraction protocols. The endotoxin measurements from all extraction protocols were highly correlated, with all bivariate comparisons yielding r values exceeding 0.8 (P < 0.001).
The coefficients of variation were calculated for each extraction protocol and are shown in Fig. 1 . The protocol with the highest within-group variance was protocol 5, the ASTM method. The mean coefficient of variation for the ASTM protocol was 122%, while the mean coefficient of variation ranged from 35 to 57% for the other four protocols.
DISCUSSION
The present study demonstrates that aerosols of soluble oil MWFs collected onto air-sampling filters may be extracted for endotoxin analysis using different protocols with equal efficiency. Brown et al. (2000) examined endotoxin assay of bulk liquid machining fluids using PFW or PFW-0.05% Tween-20 with or without sonication. In the bulk soluble oil MWFs there were no significant differences in endotoxin recovery by extraction protocol. However, contrasting differences in endotoxin recovery for semi-synthetic and synthetic MWF were found. In the bulk fluids, extraction with PFW-Tween-20 with sonication returned the highest endotoxin recovery for the semi-synthetic MWF, while PFW-Tween-20 without sonication was significantly higher for the synthetic MWF samples. The geometric standard deviations for endotoxin concentration in the bulk MWFs in that study were extremely high (range 5.6-38, median 16) compared to those for the MWF aerosol samples in the present study (range 1.3-6.0, median 1.7). The endotoxin extraction protocol specified in ASTM E2144-01 is the same as protocol 5 examined in this study. Although none of the extraction protocols were significantly different for endotoxin recovery over the range of exposures examined in this study, protocol 5 had the highest detectable endotoxin in the filter blanks and the largest confidence intervals of the extraction protocols tested with each exposure group. This may be due to the inclusion of pH adjustment in the protocol or the use of sonication.
The challenge faced in this, and any study reporting endotoxin concentrations is the inherent variability within the assay itself, particularly for occupational and environmental samples. Direct comparisons between studies reporting endotoxin concentrations are problematic due to the numerous protocols used within the research environment. For example, the recovery of endotoxin from aerosol samples is highly dependent on the filter medium and the matrix Hollander et al., 1993; Douwes et al., 1995; Thorne et al., 1997; Sarantila et al., 1999) . Studies have examined the effect of the detergents such as Tween-20 and have shown both increased (Douwes et al., 1995; Brown et al., 2000) and decreased (Olenchock et al., 1989) efficiencies of endotoxin recovery. The vigor with which the extraction is conducted has been shown to increase endotoxin recovery (Jay and Margitic, 1979; Brown et al., 2000) . All commercially available LAL tests are required to meet regulated performance standards against reference standard endotoxin (RSE). However, different forms of the lysate have been shown to be more efficient for high volumes of samples with greater precision, e.g. the kinetic chromogenic assay compared to the classic gel-clot assay (Górny et al., 1999) . In order to monitor potential inhibition or enhancement of endotoxin, the rate of the reaction in kinetic assays may be compared directly with the rate for the standards (Hollander et al., 1993; Walters et al., 1994; Milton et al., 1997; Thorne et al., 1997) .
The present study was initiated to contribute to the efforts being made to find a standard protocol that may be used to reliably measure exposures to endotoxin in occupational environments. Here, the filter medium, the lot number of the lysate and the LAL assay protocol remained constant, while the effects of extraction solutes, temperature of extraction, use of pH adjustment and vigor of extraction were varied. Under these treatments, the apparent endotoxin concentrations for each exposure group varied from 2-to 10-fold between extraction protocols, with differences most pronounced in the low exposure group. Similar ranges of concentrations have been found in controlled inter-and intra-laboratory studies on animal barn or cotton dust particulate on filters Chun et al., 2000) . If we consider only extraction protocols 1-4, the apparent endotoxin concentration for the medium and high concentrations varied 2-fold.
Only soluble oil MWF aerosol was examined in this study, and more work is required to determine if semi-synthetic or synthetic MWF aerosols would behave differently. The use of an exposure chamber is recommended for the generation of multiple filters for testing, as control of the aerosol loading was demonstrated by the low geometric standard deviations of the endotoxin measurements for each extraction protocol.
In conclusion, a range of endotoxin concentrations was extracted from filters exposed to test atmospheres of soluble oil MWF aerosol. Although the aerosol loading between filters from similar exposure conditions was well controlled, extracted endotoxin concentrations varied within exposure groups by 2-to 4-fold for medium and high exposure groups and over 10-fold for the low exposure groups.
Recommendations
Airborne endotoxin in MWF may be measured using currently available technology and protocols. Use of higher extraction temperature or inclusion of Tween-20 did not demonstrate a significant effect. However, using the ASTM Standard E2144-01 protocol produced less precise exposure estimates and higher determinations in filter blanks, and thus is not recommended.
